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Abstract: Systemic sclerosis (SSc) is an autoimmune disease characterized by the widespread
deposition of excess collagen in the skin and internal organs, as well as vascular dysfunction. The
current standard of care technique used to quantify the extent of skin fibrosis in SSc patients is the
modified Rodnan skin score (mRSS), which is an assessment of skin thickness based on clinical
palpation. Despite being considered the gold standard, mRSS testing requires a trained physician
and suffers from high inter-observer variability. In this study, we evaluated the use of spatial
frequency domain imaging (SFDI) as a more quantitative and reliable method for assessing skin
fibrosis in SSc patients. SFDI is a wide-field and non-contact imaging technique that utilizes
spatially modulated light to generate a map of optical properties in biological tissue. The SFDI
data were collected at six measurement sites (left and right forearms, hands, and fingers) of eight
control subjects and ten SSc patients. mRSS were assessed by a physician, and skin biopsies were
collected from subject’s forearms and used to assess for markers of skin fibrosis. Our results
indicate that SFDI is sensitive to skin changes even at an early stage, as we found a significant
difference in the measured optical scattering (µ′s) between healthy controls and SSc patients with a
local mRSS score of zero (no appreciable skin fibrosis by gold standard). Furthermore, we found
a strong correlation between the diffuse reflectance (Rd) at a spatial frequency of 0.2 mm−1 and
the total mRSS between all subjects (Spearman correlation coefficient= -0.73, p-value< 0.0028),
as well as high correlation with histology results. The healthy volunteer results show excellent
inter- and intra-observer reliability (ICC> 0.8). Our results suggest that the measurement of
tissue µ′s and Rd at specific spatial frequencies and wavelengths can provide an objective and
quantitative assessment of skin involvement in SSc patients, which could greatly improve the
accuracy and efficiency of monitoring disease progression and evaluating drug efficacy.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Systemic sclerosis (SSc), or scleroderma, is an autoimmune disorder characterized by fibrosis of
the skin and internal organs [1]. SSc is a rare disease with the prevalence of 3.8 to 50 individuals
per 100,000 in the world and incidence of 0.77 to 5.6 individuals per 100,000 each year [2,3].
It is more common in females than males (approximately 80% of the diagnosed patients are
women) [2]. SSc is typically diagnosed between the age of 30 and 50 with early symptoms such
as fatigue, puffy hands with exaggerated response to cold (Raynaud’s phenomenon), and joint
pain, followed by tightening of the skin [4]. Based on the extent of skin involvement, SSc is
classified into two subgroups: diffuse SSc (dcSSc, with skin thickening proximal to elbows and
knees) and limited SSc (lcSSc, skin thickening distal to elbows and knees) [1]. Although in rare
cases SSc patients develop internal organ complications, autoimmunity and Raynaud’s, in the
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absence of obvious skin involvement (“sine scleroderma”), skin thickening caused by excess
collagen production remains one of the most common manifestations in SSc [1,4,5]. Accurate
quantification of skin fibrosis in scleroderma is of vital importance, as it can provide important
clues about the severity of disease, survival and response to therapy [6,7]

The current standard of care for evaluation of the extent of skin involvement in SSc patients is
the modified Rodnan Skin Score (mRSS, integer scale 0-3), which is an estimate of skin thickness
by clinical palpation [8]. mRSS= 0 refers to normal skin with no appreciable skin thickening and
mRSS= 3 refers to the most severe skin thickening. The mRSS is used as the primary outcome
measure or a key secondary outcome measure in clinical trials; however it has several limitations.
mRSS is a semi-quantitative assessment of skin that requires a well-trained rheumatologist. The
subjective assessment often results in large inter-observer variability [9,10]. Other conditions
such as edema and atrophy are confounding factors that may affect the mRSS assessment [8].
Additionally, sensitivity to longitudinal changes in SSc skin condition is an important aspect of
SSc evaluation specially in clinical trials which cannot always be achieved by mRSS assessment
[11]. A new and improved method for rapid, objective, and reproducible evaluation of skin
fibrosis is an unmet need both in the clinic and for clinical trials.

Several studies have employed different modalities such as ultrasound, optical coherence
tomography (OCT), and durometry to improve the assessment of skin in SSc patients [12–15].
Ultrasound showed significantly increased skin thickness in SSc patients compared to healthy
controls [12]. OCT showed a correlation between the measured optical density (OD) and mRSS
[14]. Durometry showed a correlation between the skin hardness and mRSS in SSc patients [15].
However, none has been adapted by clinicians or clinical trials as a substitute for mRSS for reasons
such as high level of required training, small measurement region, low repeatability, complex
postprocessing and difficulties in result interpretation. The ideal method for SSc assessment
needs to be objective, consistent and repeatable, easy to use, sensitive to small variations, provide
large field of view to avoid sampling bias and have a better ability to resolve small differences
compare to mRSS.

Spatial frequency domain imaging (SFDI) is a non-contact optical technique for non-invasive
assessment of tissue optical properties. The measured optical properties provide functional
and structural information about the tissue [16]. SFDI has been widely used over the past
decade for several dermatology applications and skin characterization [17–20]. Depending on
the measurement parameters (such as wavelength and spatial frequency), SFDI has the depth
resolution of submillimeter to few millimeters from the tissue surface, making the technique
suitable to assess the dermal layer of skin, where fibrosis is presented in SSc [5,14]. Here for
the first time, we test the feasibility of SFDI as a potential imaging tool for SSc skin assessment
compared to mRSS (clinical gold standard) and histopathology results (reliable indicators of
disease progression).

2. Materials and methods

2.1. Subject eligibility and enrollment

The study was conducted in compliance with an approved institutional review board protocol,
applicable regulatory requirements, and BMC/BU Medical Campus Human Research Protection
policies and procedures (protocol number 38234). Subjects were informed about the study and
provided informed consent prior to the experiment at the time of regularly scheduled clinic visits.
Patients with different degrees of skin involvement were enrolled in the study. Control subjects
had no skin disease and were chosen to cover the age range and skin tone variability of the
enrolled patients. All scleroderma patients and healthy controls underwent SFDI measurements,
mRSS assessments, and skin biopsies. An additional healthy volunteer study was conducted for
inter- and intra-observer variability test with the SFDI system on 10 healthy subjects (protocol
number 4698).
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2.2. Spatial frequency domain imaging (SFDI) technique

Spatial Frequency Domain Imaging (SFDI) is a non-contact diffuse optical imaging modality
for non-invasive measurements of tissue optical properties, namely absorption (µa) and reduced
scattering (µ′s). SFDI provides wavelength dependent maps of tissue optical properties over a wide
field of view on a pixel-by-pixel basis. Detailed descriptions of SFDI instrumentation and data
analysis are provided elsewhere [16,21]. Briefly, sinusoidal spatial patterns of light are projected
on a sample using a digital micro-mirror device (DMD), and the remitted light is captured by
a camera (Figure 1(A)). A flowchart of SFDI data acquisition and processing is provided in
Figure 1(B). The patterns are projected at multiple wavelengths and spatial frequencies. At least
two spatial frequencies are required for quantification of µa and µ′s. At each spatial frequency,
three sinusoidal images at three different spatial phases (0◦, 120◦ and 240◦) are projected. The
captured images are demodulated using the following demodulation method (Eq. (1)):

I =
√

2
3

√︂
(I1 − I2)

2 + (I2 − I3)
2 + (I1 − I3)

2 (1)

Fig. 1. A) Schematic diagram of a SFDI system. The illumination source is a set of VIS-NIR
LEDs. The illumination source combined with a DMD is labeled as projector in this diagram.
Two crossed polarized linear polarizers are placed in the illumination and detection path
to avoid specular reflection. B) SFDI data acquisition and processing flowchart. Top row
represents the captured raw images at DC and AC at 851 nm. The raw AC images are the
three phases captured at a spatial frequency of 0.1 mm−1. Three DC images are taken at
different intensity counts, demodulated and used for background correction. Raw AC images
are demodulated, corrected for height and angle variability, and calibrated. The middle row
represents the calibrated diffuse reflectance (Rd) maps at DC and AC. The Rd maps are
converted into optical property maps (µa and µs´) using a LUT inverse model.

The resulting demodulated image (I) at each spatial frequency is then calibrated using a
calibration phantom with known and stable optical properties to account for any instrument
response and produce an image of calibrated diffuse reflectance (Rd). The calibrated Rd images
at two spatial frequencies are then converted to a unique set of µa and µ′s using a Monte Carlo
based lookup table (LUT) inversion algorithm. A homogeneous and semi-infinite model was
used to process the data [21,22].
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In this study, a research SFDI system from Modulim (Reflect RS; Modulim Inc. Irvine, CA)
was utilized to perform all the SFDI measurements. The Modulim system utilizes wavelengths
from the visible to the NIR. The field of view (FOV) of the SFDI images is 15 × 20 cm. The
remitted light from the tissue is collected by a CCD camera. To account for height and angle
variabilities within the sample FOV compared to the calibration phantom measurement, we
performed height and angle correction in this study on the demodulated images using a previously
developed height and angle correction algorithm [23].

2.3. Imaging procedure

SFDI measurements were taken at three body locations: finger, dorsal surface of the hand,
and dorsal surface of the forearm. The three locations were imaged on both left and right
sides of the body. Hand and finger measurements were taken at the same time since the SFDI
field of view covers the entire hand area. Forearm measurements were taken separately. The
subjects were asked to be seated on a chair and place their hand or forearm under the SFDI
instrument. Measurements were taken at 8 wavelengths (471, 526, 591, 621, 691, 731, 811,
and 851 nm) and 8 spatial frequencies (DC, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4 and 0.5 mm−1). The
profilometry measurements for height and angle correction were performed at fx= 0.05 mm−1

and wavelength= 691 nm. Two repeat measurements were performed for each location. Each
measurement took 2 minutes and total measurement time for each subject was less than 15
minutes.

2.4. Skin thickness score assessment (mRSS) and histopathology

mRSS assessments were performed by an expert rheumatologist (A.B.) for each subject. mRSS
was determined at 17 locations across the body (fingers, hands, forearms, upper arms, face,
interior chest, abdomen, thighs, legs, and feet) with the standard 0 (normal), 1 (mildly thickened),
2 (moderately thickened), and 3 (severely thickened) scale, as previously described [8]. The total
mRSS for each subject was calculated by summing the mRSS across all location sites.

Skin biopsies: After SFDI measurements and mRSS assessment, biopsies were obtained
by A.B. from the dorsal mid forearm of SSc patients and healthy controls during the same
visit and after informed consent. Subjects were given local anesthetic at the site of the biopsy,
and one 3 mm circular skin sample was obtained using a dermal biopsy punch under sterile
conditions. Steristrips and tegaderm were then placed at the biopsy site, and the sample
was coded. Specimens were fixed with 10% buffered formalin and embedded in paraffin for
immunohistochemistry. Trichrome staining of paraffin-embedded skin sections followed by
semi-quantitative assessment of collagen was performed according to manufacturer’s protocol
and as previously described, using a commercially available kit (HT15, Sigma-Aldrich, St. Louis,
MA, USA) [24]. Semi-quantitative assessment of dermal fibroblast activation was assessed by
calculating the myofibroblasts score using immunohistochemistry for alpha smooth muscle actin
(ASMA) according to a published protocol [24].

2.5. Inter- and intra-observer reliability study

Inter- and intra-observer reliability studies were conducted to assess the construct validity and
reliability (OMERACT filter of “truth”) and the test-retest reliability (OMERACT filter of
“discrimination”) respectively. Nine healthy controls with mean age 31.8± 17.3 (range 23-76)
were measured for the inter-observer reliability study [25]. SFDI measurements were performed
on subjects’ right hand, fingers, and forearm. Measurements were taken consecutively by two
operators during the same imaging session. Subjects removed their hand and forearm and
replaced them under the SFDI system between each measurement. The operators were not
present in the room during the other operator’s measurement session.
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10 healthy controls with mean age 31.5± 16.4 (range 23-76) were measured for the intra-
observer reliability study. SFDI measurements of the subjects’ right hand, fingers and forearm
were taken by the same operator during the same imaging session, with a 5-minute break between
measurements. Subjects removed and replaced their hand and forearm during this break.

The intraclass correlation coefficient (ICC) was calculated to estimate the inter- and intra-
observer reliability of SFDI measurements. A one-way random effect model was used based on
the design of the experiment [26]. ICC> 0.8 was considered as excellent agreement according to
the scale from Altman [27]. In addition, a Bland-Altman analysis was performed, and limits of
agreement (LoA) were calculated based on 95% confidence intervals [27].

2.6. Data analysis

2.6.1. ROI selection

Regions of Interest (ROIs) were selected from the SFDI maps for comparison of SFDI derived
parameters and their correlation with clinical measurements. The mean values from the selected
ROIs were used as representative values for each anatomical site. The ROIs were selected to
cover maximum area of the measurement site to ensure that all the spatial information was taken
into consideration. An example ROI selection is shown in Figure S1. All ROIs were rectangular
in shape and selected on MATLAB (R2021b, The Mathworks Inc., Natick, MA). On the dorsal
forearm, a rectangular ROI of dimensions 800 × 300 pixels (approx. 4.3 × 11.5 cm), aligned
along the forearm was used. On hand, a square ROI of dimension 300 × 300 pixels (approx. 4.3
× 4.3 cm) centered on the dorsal palm between the wrist and knuckles was used. On fingers, five
small rectangles, each of dimension 100 × 25 pixels (1.44 × 0.36 cm) were selected between the
metacarpophalangeal joint (MCP) and the proximal interphalangeal joint (PIP) on the dorsal side
for each finger and were averaged to provide one representative value for finger location.

2.6.2. Statistical analysis

Wilcoxon rank sum tests were used to investigate potential statistical differences in SFDI-derived
parameters between groups of healthy controls and SSc patients, and Wilcoxon signed rank tests
were used for differences between anatomical regions from SSc subjects with mRSS= 0 and
regions with mRSS> 0. To evaluate the correlation between the SFDI parameters and mRSS
and histopathology metrics, Spearman rank correlation was used to determine the coefficient of
correlation. A p-value< 0.05 was considered statistically significant. All data were analyzed
with MATLAB.

3. Results

3.1. Subject enrollment

Data from 10 scleroderma patients (1 male and 9 female) and 8 healthy controls (1 male and
7 female) were included in this analysis. Scleroderma patients had an average age of 50± 16
(26-74 range) and the control group had an average age of 43± 13 (27-63 range). The local mRSS
for SSc patients ranged from zero (no skin thickening) to 3 (severe skin thickening). Subjects
self-reported their race and ethnicity as Black, Hispanic, and/or White. The summary of subject
information is shown in Table 1.

3.2. SFDI results

Imaging data was processed and calibrated Rd values were determined at all measured spatial
frequencies and wavelengths. The spatial frequency pair of DC and 0.1 mm−1 was used for all
optical property calculations.

Figure 2 shows the white light image of the hand of a representative healthy control and a SSc
patient (mRSS of 1 in the hand location, and the total mRSS of 24) with similar skin tones. The
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Table 1. Epidemiological and clinical summary of enrolled subjects.

SSc Healthy Controls

Total N= 10 N= 8

Sex
Male N= 1 N= 1

Female N= 9 N= 7

Race/Ethnicity
Black N= 3 N= 5

Hispanic N= 2 N= 1

White N= 5 N= 2

Skin status
mRSS= 0 N= 3 N/A

mRSS> 0 N= 7 N/A

Mean Age 50± 16 (y.o.) 43± 13 (y.o.)

bottom row demonstrates the µ′s map at 851 nm of the hand location for the same subjects. The µ′s
maps show that there is a notable decrease in reduced scattering in the patient with scleroderma
compared to the healthy subject, a difference that cannot be quantitatively discerned from the
white light data.

Fig. 2. Top row: White light images of left hand from a representative healthy control and
a scleroderma patient with mRSS= 1 at the hand. Both subjects self-identified as white.
Bottom row: µs´ map of the same location at 851 nm. The scleroderma patient had a lower
µs´ compared to the healthy subject.

The average optical properties inside selected ROIs (Figure S1) were then calculated at each
measurement site and the spectral data were plotted for both patients and controls. Figure 3(A)
shows the µa spectra from hand, finger, and arm location of SSc patients and control subjects.
There was no significant difference in the measured µa between SSc patients and healthy controls
at any of the measurement wavelengths (Wilcoxon rank sum test, p values ranging from 0.84-0.94).
Conversely, there is an obvious separation between scleroderma patients and healthy control
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subjects in µ′s spectra, especially at the longest wavelength of 851 nm (Figure 3(B)). Spectra from
individual anatomical sites are shown in Figure S2.

Fig. 3. A. Absorption and B. reduced scattering coefficient spectra from all measurement
locations of SSc subjects (magenta) and healthy controls (blue). Each line represents a
different anatomic location. A strong separation between SSc and healthy controls was
observed for µs´ at 851 nm. In the interest of conciseness, only the longest five wavelengths
have been included in the spectra.

It has been previously observed that subject’s skin tone affects both µa and µ′s spectra, especially
at shorter wavelengths where melanin has strong absorption characteristics [28]. In the µa spectra,
subjects with darker skin tone exhibited higher absorption values (data not shown), likely due to
high melanin content in the epidermis. It is of note that for the µ′s spectra, the commonly observed
power law spectral behavior of reduced scattering in tissue did not always hold for subjects with
darker skin tone. Rather, µ′s was observed to increase with wavelength rather than decrease for
those with darker skin tones. This phenomenon has been previously observed in a prior SFDI
study, especially in subjects with darker skin (i.e. higher Fitzpatrick skin scores) [29]. That
study suggested that a wavelength-dependent partial volume effect due to the strong absorption
of melanin may be responsible for this observation, and the use of longer wavelengths may be
helpful when comparing subjects with different skin tones because of the reduced influence of
melanin. Similarly, here the µ′s at long NIR wavelengths such as 851 nm appeared to be less
sensitive to skin tone and could better distinguish SSc patients from controls.

The performance of µ′s in discriminating SSc subjects from healthy controls across race and
ethnicity was further evaluated at two different wavelengths (691 nm and 851 nm). Figure 4
clearly demonstrates the better performance of the longer wavelength at 851 nm in distinguishing
subjects with SSc from healthy controls compared to the shorter 691 nm wavelength, particularly
in Black and Hispanic subjects. Statistically, lower p-values were associated with the difference
between the µ′s values of SSc and Healthy Controls for White and Black Subjects as wavelength
increased from 691 nm to 851 nm (Wilcoxon rank sum test, White: p= 2.8e-4 (691 nm) and
p= 9.0e-6 (851 nm), Black: p= 4.8e-8 (691 nm) and p= 3.9e-10 (851 nm)). The p-values for
Hispanic Subjects remained the same across wavelengths (Wilcoxon rank sum test, p= 5.3e-6).

3.3. Correlation between imaging parameters and mRSS

To evaluate the differences between healthy controls and SSc patients, the average value of µ′s was
calculated at each SFDI measurement site (each subject had six sites from the three body locations
measured: left and right hands, fingers, and forearms). Although there was a difference between
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Fig. 4. Comparing the performance of µs´ at an example shorter (691 nm) and longer
(851 nm) NIR wavelength in differentiating SSc from healthy controls for subjects with
different race/ethnicity. W: White, B: Black, H: Hispanic. Box plots represent 25th and 75th

percentiles, median as a line inside the box, and minimum and maximum values as whiskers.
Asterisks indicate level of significance, ****p< 0.0001.

average age of the healthy controls and SSc patients, no statistically significant correlation was
found between age and µ′s. Figure 5(A) illustrates a boxplot that compares the µ′s at 851 nm of
healthy controls at all sites to the µ′s of SSc patients. Healthy controls had a statistically significant
higher µ′s compared to the SSc subjects (Wilcoxon rank sum test, p-value< 0.0001). Differences
between healthy controls and patients for individual anatomical sites are shown in Figure S3.
In Figure 5(B), the results of the SSc patients were separated into two subgroups: µ′s from the
locations with no evident skin fibrosis (mRSS= 0), and µ′s from the locations with any level of
skin fibrosis (mRSS> 0). The difference between the measured µ′s of healthy controls and SSc
patients in the locations where mRSS= 0 was statistically significant (Wilcoxon rank sum test,
p-value< 0.0001). Furthermore, there is a significant difference between the measured µ′s of
locations with mRSS= 0 in the patient population and locations with any level of skin fibrosis
(mRSS> 0) (Wilcoxon signed rank test, p-value= 0.01).

Figure 6(A) shows the correlation between the local µ′s and local mRSS of subjects with SSc,
with each plotted data point representing an individual subject. The local µ′s was calculated by
summing the µ′s at all six measurement sites (left and right hands, fingers, and forearms), and the
local mRSS was calculated as the sum of the mRSS from the same six sites. The correlation
between the local µ′s and the total mRSS from all 17 locations where mRSS was assessed is
shown in Figure S4. While there was a trend, there was not a significant correlation between local
µ′s and local mRSS (Spearman correlation coefficient= -0.57, p= 0.083). We did find however
that there was a statistically significant correlation between the local Rd at fx = 0.2 mm−1 and
the local mRSS as shown in Figure 6(B) (Spearman correlation coefficient= -0.77, p= 0.0089).
These results suggest that while µ′s at 851 nm may be an excellent SFDI metric to differentiate
healthy subjects from SSc patients, as well as SSc patients with preclinical skin involvement
from those with evident skin fibrosis (Figure 5), Rd at 0.2 mm−1 better correlates with the mRSS
for subjects with clinical skin involvement (Figure 6(B)).
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Fig. 5. The boxplots of measured µs´ at 851 nm for all measurement sites. A) µs´ difference
between healthy controls and SSc patient. B) µs´ difference between healthy controls,
SSc patient at locations where there is no skin fibrosis (mRSS= 0), and SSc patients
at measurement sites with skin fibrosis (mRSS> 0). Box plots represent 25th and 75th

percentiles, median as a line inside the box, and minimum and maximum values as whiskers.
Asterisks indicate level of significance, ****p< 0.0001, **p ≤ 0.01.

Fig. 6. A) Correlation between the local µs´ at 851 nm and local mRSS of subjects with
SSc (Spearman correlation coefficient= -0.57, p= 0.083). B) Correlation between local Rd
at fx = 0.2 mm−1 and local mRSS of subjects with SSc (Spearman correlation coefficient= -
0.77, p= 0.0089). The local values were calculated by adding the SFDI parameter from all
measurement sites and mRSS from the same sites. Also shown are significant differences
(Wilcoxon rank sum test, *p< 0.05) of the local µs´ at 851 nm and local Rd at fx = 0.2 mm−1

between subjects with SSc and Healthy Controls.

3.4. Correlation between diffuse reflectance and histology scores

Activation of local dermal fibroblasts into ASMA-expressing myofibroblasts with excessive
collagen production is a hallmark process during disease progression in SSc [30]. Previously,
studies have shown a correlation between an increase in myofibroblasts and mRSS [24]. We
next evaluated correlations of fibroblast activation and total collagen content with local SFDI
score in SSc and HC biopsies. Semi-quantitative assessment of dermal fibroblast activation
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was assessed by calculating the myofibroblasts score using immunohistochemistry for alpha
smooth muscle actin (ASMA) as previously described [24]. The biopsy specimens were taken
from subjects’ forearms and the SFDI data shown was acquired at the matching biopsy location.
Figure 7 shows the correlation between the histology results and the Rd at fx = 0.2 mm−1 and
851 nm. Figure 7(A) shows an excellent correlation between average Rd and myofibroblast score
between all subjects (Spearman correlation coefficient= -0.88, p-value< 0.0001). Similarly,
histological quantification of collagen content using Trichrome staining score in Figure 7(B)
shows a strong correlation with Rd (Spearman correlation coefficient= -0.73, p-value= 0.0028)
[24]. The negative correlation between Trichrome score and Rd suggests that excess collagen in
SSc patients result in lower reflectance of light from superficial layers.

Fig. 7. Correlation between the average Rd (fx = 0.2 mm−1, wavelength= 851 nm) at arm
location and histology results of biopsy sample taken from the same arm. A) Correlation
between Rd and ASMA (Spearman correlation coefficient= -0.88, p-value< 0.0001). B)
Correlation between Rd and Trichrome staining (Spearman correlation coefficient= -0.73,
p-value< 0.0028).

3.5. Inter- and intra-observer reliability results

Inter- and intra-observer reliability was assessed based on µ′s values at 851 nm, calculated from the
spatial frequency pair of DC and 0.1 mm−1. ROIs of the same size as in the clinical measurement
were chosen on the right forearm, hand, and fingers. ROIs were selected in the same relative
anatomic location for each subject between repeated tests. As shown in Table 2, ICC calculations
indicate that SFDI measurements have excellent inter- and intra-observer reliability, with ICC
ranges of 0.82-0.99 and 0.96-0.99 respectively. Comparatively, mRSS has an inter-observer ICC
of 0.63-0.68 and intra-observer ICC of 0.74-0.76 [9,10]. Bland-Altman analysis and calculated
limits of agreement are shown in Figure S5.

3.6. Tissue imaging depth

Tissue imaging depth is likely a key factor related to accurate assessment of fibrosis in SSc.
Prior work has shown that sub-millimeter to millimeter depth sensitivity is relevant to skin
fibrosis caused by scleroderma [14,31]. Tissue imaging depth depends on the wavelength
of light and the optical properties of the tissue sample. Generally, lower spatial frequencies
penetrate deeper into tissue compared to higher spatial frequencies at a given wavelength. The
penetration depth of illuminated light at each spatial frequency was calculated using a previously
established penetration depth estimation method for SFDI [32]. We calculated the estimated
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Table 2. Intraclass correlation coefficients (ICC) for inter-and
intra-observer measurements at each measurement location.
A one-way random effect model was used to compute ICCs.

Measurement Location Inter-observer
Measurement ICC

Intra-observer
Measurement ICC

Arm 0.82 0.97

Hand 0.85 0.96

Finger 0.99 0.99

median penetration depth assuming average optical properties measured at the hand and forearm
at 851 nm. The median penetration depth ranged from 0.23 mm at the highest spatial frequency
(fx = 0.5 mm−1) to 1.31 mm at the lowest spatial frequency (DC). The fact that Rd at fx = 0.2
mm−1 had the best correlation with local mRSS as well as to histology suggests this spatial
frequency is well matched to tissue depths related to fibrosis and/or tissue remodeling in SSc.

The calculation of tissue optical properties, including µ′s, requires a combination of at least
two different spatial frequencies, complicating the assessment of imaging depth. In this work,
the spatial frequency pair of DC and 0.1 mm−1 was used for all optical property calculations,
although all combinations were evaluated. The combination of a high spatial frequency paired
with a low spatial frequency (e.g., DC) is known to lead to a partial volume effect when measuring
layered media such as skin [22]. This means that measurements with different imaging depths
are combined during processing. In some cases, this partial volume effect may reduce sensitivity
to changes occurring at specific depths in tissue [33].

4. Discussion

Here we have demonstrated for the first time the validity of using SFDI to quantify the extent of
skin fibrosis in patients with scleroderma. We conducted a study of healthy controls and SSc
patients with varying levels of disease severity and compared the performance of SFDI-derived
parameters to mRSS as well as histopathology results. mRSS, which is the current gold standard
for SSc skin assessment, suffers from several limitations such as subjectivity, a high level of
skill requirement, and large inter-observer variability. SFDI, on the other hand, is an objective
measure of skin condition that is fast, easy to perform and requires mild operator training.

The SFDI metric that best differentiated between healthy subjects and SSc patients was the µ′s
parameter measured at 851 nm. We showed that measurements of µ′s at 851 nm were less affected
by skin tone compared to shorter wavelengths. µ′s at 851 nm was also capable of differentiating
between healthy subjects and SSc patients that had no clinical signs of skin involvement, as
shown with the statistically significant difference between healthy controls and patients with
mRSS= 0. This is particularly important at early stages of the diseases in which the mRSS lacks
sufficient sensitivity to identify early-phase skin changes.

While µ′s at 851 nm was excellent at discriminating early disease from healthy skin, the
Rd parameter measured at fx = 0.2 mm−1 demonstrated the best correlation with mRSS and
histology results within SSc patients. The Spearman correlation coefficient between the measured
Rd (0.2 mm−1) and mRSS score was −0.77. This result outperforms the correlation between
mRSS and relative optical density (OD) measured with OCT (correlation coefficient= 0.7) [14].
Our correlation was also stronger than that found using durometry (correlation coefficient= 0.69)
[15].

Comparison of µ′s with mRSS and Rd with skin biopsy results showed a decrease in optical
scattering and diffuse reflectance with increases in mRSS, myofibroblast, and Trichrome scores.
µ′s is a marker of tissue morphology and structure. It provides information about optical scattering
caused by factors such as the makeup of the extracellular matrix, cellular density, and spatial
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variations in refractive index caused by tissue microstructure [34]. The observed reduction in
µ′s with increased mRSS may be due to changes in collagen fiber orientation and fiber density
in SSc subjects. Other changes such as reductions or displacements of lipids and loss of tissue
differentiation between epidermal and dermal layer [14] may also contribute to the decrease in µ′s
with mRSS. Similarly, Rd measured at 0.2 mm−1 is highly influenced by tissue optical scattering
[35]. Compared to µ′s, Rd at 0.2 mm−1 is more sensitive to superficial layers of skin as it does
not utilize planar (DC) measurements, which have a deeper penetration [32]. This sensitivity to
superficial layers of skin may be the reason for the better observed correlation of Rd with mRSS,
especially at later stages of SSc [8]. Rd at 0.2 mm−1 may be a sufficient metric for evaluation of
SSc skin involvement. The measurement of Rd at 0.2 mm−1 avoids the partial volume mismatch
associated with SFDI measurements, which require a combination of measurements taken at
different spatial frequencies, each of which has a different depth penetration [32]. The simplicity
of this measurement, which does not require extraction of optical properties or an inverse model,
and thus is both different and simpler than the SFDI method, could lead to a faster and more
compact SSc analyzing device.

Our SFDI results on healthy subjects show low inter- and intra-observer variability (ICC ranges
of 0.82-0.99 for inter- and 0.96-0.99 for intra-observer reliability). This is as good or better than
ICC values reported for durometry [15] and OCT [14].

Our results strongly support the use of SFDI for SSc skin evaluation as an objective method to
assess extent of disease and response to therapy. However, the current technique suffers from
some limitations. For example, due to the difficulties in body positioning under the device, we
only acquired SFDI measurements from body sites where positioning was easy and comfortable
for the subjects. Hence, we did not assess the performance of SFDI at all the 17 anatomic regions
assessed for mRSS. In the future, a more compact or hand-held device would assist in validating
SFDI for skin evaluation over the entire body. Another limitation is the small sample size with
only 10 SSc and 8 HC tested. Since a statistically significant outcome in a small sample does not
always reflect a real effect, larger studies are required to fully validate SFDI in SSc [36].

5. Conclusion

In summary, we validate the performance of SFDI measurements for scleroderma skin evaluation
compared to the gold standard mRSS and histology markers. We identified µ′s as the best
SFDI metric to differentiate between SSc patients and healthy controls, even in patients with no
clinical skin involvement at the measurement locations. Rd at the spatial frequency 0.2 mm−1

was identified as the metric that best correlated with mRSS, myofibroblast score, and ASMA
score within SSc subjects. Despite the limitations, our results suggest that SFDI is a promising
objective alternative to the current standard of care for SSc skin evaluation. The non-contact,
non-invasive, wide-field, and quantitative nature of the technique, as well as the high reliability
and repeatability of the measurements, make SFDI a potentially powerful tool for SSc skin
assessment.
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